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Huabing Zhang3,4 and Bingjian Zhang1,2*Abstract: In the past few decades, a series of research, restoration and protection have been performed on the
ancient murals in Mogao Grottoes. These treatments played significant roles in the conservation of the elegant art
in Dunhuang. But whether the protection and reinforcement are still active and which materials are more
appropriate remain unknown. These issues are crucial for the conservation of murals. On-site investigation on the
murals in Mogao Grottoes has been carried out. The purpose of this investigation is to examine the renewed
diseases of the murals which have been repaired before. It will also provide useful information about the function
of conservation materials and their degradation mechanism.
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Mogao Grottoes in Dunhuang, northwest of China
(see Figure 1), are regarded as one of the most valuable
cultural heritage sites in the world. Mogao Grottoes are
famous for the murals, painted sculptures and wooden
cave temple fronts. The Grottoes were initially excavated
in 336 AD, and the excavation had been continued until
Yuan Dynasty (1271–1368 AD). Now, there are 735
caves and about 45000 m2 murals existed. In 1987, the
Grottoes were listed as the World Heritage Site by the
United Nations Educational, Scientific and Cultural
Organization (UNESCO) [1].
The murals in Mogao Grottoes are composed of plaster,
white lime layer and pigment layer, which were painted on
rock substrate. The rock substrate is conglomerate. Plaster
is the mixture of clay, sand and jute (a plant fiber). Animal
glue is believed to be the adhesion material. Several min-
erals, such as azurite (2CuCO3 · Cu(OH)2), minium
(Pb3O4) and malachite (CuCO3 · Cu(OH)2), were used as
the pigments. However, these murals have severely de-
graded due to natural and human factors over the long
time. These factors not only affect the murals’ artistic
quality and integrity, but also threaten their safety [2].* Correspondence: zhangbiji@zju.edu.cn
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reproduction in any medium, provided the orThere are many typical diseases, including flaking, net
cracks, disruption, detachment, paint loss and blister, as
well as black smudges and graffito which were caused by
human activities [3]. For example, black smoke was gener-
ated during the frequent Buddhist ritual activities in the
caves with the use of candles and incense holders. These
diseases can be divided into two categories: one was en-
gendered in the past and has been relatively stable since
then, such as sootiness, graffito and scratch. Another one
can continually develop with the environmental change,
and keep damaging the paintings, such as disruption and
detachment. In Mogao Grottoes, there are more than 70
caves with this type of diseases [4,5].
In order to preserve these valuable murals, the conser-
vators of Dunhuang Academy have done lots of research,
restoration and conservation in the past few decades.
The environmental issue is critical to the deterioration
of murals, therefore the monitoring of the micro-climate
around the paintings can be effective for preventive pro-
tection [6-10]. Several reinforcement materials have been
also used, which were selected based on tremendous
fundamental research in the lab and practice in the field.
However, some diseases occurred again a few years after
conservation. The understanding of the current status of
these protection and reinforcement materials has
attracted much attention. Are the materials still active?
Which treatments and materials are more appropriate?
Do they have any long-term problems? How to solve the
problems? These questions are critical for the future. This is an Open Access article distributed under the terms of the Creative
commons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
Figure 1 The location of Dunhuang.
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behind.
In this work, on-site investigation in a few typical
caves in Mogao Grottoes has been carried out. Different
from the previous investigations in Mogao Grottoes
[11-13], this investigation focused on the renewed dis-
eases in the caves which have been repaired before. The
purpose of the investigation is to summarize the suc-
cessful experience in conservation work and find pos-
sible problems, such as the preservation damage caused
by the conservation materials. The result of investigation
not only helps to evaluate the conservation materials,
but also offer help to understand their deterioration
mechanism.
Investigation
Restoration of mogao grottoes
It is archaeologically revealed that repainting was the
major way to conserve Dunhuang murals in the ancienttime, which started since Sui and Tang Dynasties (581–
907 AD), and reached its peak in Song Dynasty (960–
1279 AD). Some murals of the Northern Dynasty
(420–589 AD) were covered by those of Sui and Tang
Dynasties, while some of Tang Dynasty covered by those
of Five Dynasties (907–979 AD), Song Dynasty and
Western Xia Dynasty (1038–1227 AD) [14]. For in-
stance, people in late Tang Dynasty used to re-construct
the murals of Northern Wei (386–534 AD) and early
Tang Dynasties, leading to the art of multi-layered mural
[15]. In general, it damaged the original murals; however,
there are still a few covered murals in good condition
after reconstruction, which means that repainting might
be also protective.
The National Dunhuang Art Academy was established
in 1944 and several conservation projects were carried
out since then, such as removing sand in the caves and
reinforcing the management of the grottoes. Due to the
limits of human and financial resources, routine care
Figure 2 On-site Investigation of the renewed diseases of the
repaired murals.
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cent 50 years, a series of salvage treatments, on both
large and small scales, have been done to repair more
than 3,000 m2 murals with diseases like detachment,
flaking, and disruption [16,17].
Salvage treatments include: reattaching the flaking
murals, reinforcing the disruption and the paint layers’
cracks, grouting the detachment parts, and so forth. Ma-
terials for reattachment and reinforcement [18] are crit-
ical to the conservation. A series of screening studies
and experiments [17-19] have been performed through
long-term conservation practice, and three types of ma-
terials were mainly used: polyvinyl acetate emulsion
(PVA), which has been put into use since the 1950s to
1960s in the 94th and 108th caves [20-23]; the hybrid
acrylic and silicone acrylic emulsion, which has been
applied for flaking over ten years in the 23th and 217th
caves; the last one is gelatin solution. Since the original
binding materials of murals are the natural water-soluble
materials like oxhide gelinsidein, gelatin solution has been
used in the repair work in the 85th and 98th caves [24,25].Investigation methods and results
Several caves in Mogao Grottoes which had been
repaired by PVA, the hybrid emulsion of acrylic and sili-
cone acrylic (the hybrid emulsion), or gelatin solution
were investigated. These materials have been chosen
based on lots of scientific experiment and field applica-
tions by Dunhuang Academy. In order for easy compari-
son, all the investigated caves are located in the bottom
level of Mogao Grottoes. The whole investigation was
performed based on the requirements described in the
National Standards of Specification for Condition Survey
of Ancient Murals [26].
During the investigation, the disease area was mea-
sured using rulers (see Figure 2). Keyence VHX-2000
microscope (Dino-Lite AD413T) was used to observe
the salt aggregation on the surface of the murals. Infra-
red thermography (NEC G100) was applied to identify
the detachment of murals.
The diseases which were investigated include flaking,
paint loss, deep loss, disruption, detachment, net cracks
and punctate loss. These diseases can be divided into
slight, mild and severe levels according to the damage
degree. In this survey, the total area of the repaired mu-
rals is 411.38 m2 (the survey area). The area of the mu-
rals repaired by PVA is 138.72 m2, the area of the
murals repaired by the hybrid emulsion is 116.89 m2,
and the area of the murals repaired by gelatin solution is
155.77 m2. The total area of the repaired murals with
the renewed diseases is 41.54 m2 (the disease area). The
detail of the survey results is shown in Table 1. The sur-
vey result indicates that the renewed diseases at MogaoGrottoes mainly include disruption, flaking, detachment
and paint loss (Figure 3).
Table 1 shows that the most hazardous deterioration on
the murals repaired by PVA contains disruption, detach-
ment and paint loss. The most hazardous deterioration on
the murals repaired by the hybrid emulsion contains dis-
ruption, flaking and paint loss. The most hazardous de-
terioration on the murals repaired by gelatin solution
contains disruption, flaking and detachment.
In this survey, most of the renewed diseases were dis-
tributed in the region up to 2 m above the ground. The
region between 0.5-2 m above the ground is about 98.3%
in the disease area. Most of the regions below 0.5 m
have been repaired because of severe damage in the past.
There are only a few paintings left in this region, so the
renewed diseases account for only 1.2% of the diseases
area. In addition, the disease in the region over 2 m
above the ground account for only 0.5% of the diseases
area. The upper region in the caves has almost no sig-
nificant diseases, and the proportion of the renewed dis-
eases is the least in that region.
The diseases of murals in different caves are quite dif-
ferent even using the same conservation material to re-
pair the murals. It is obviously that the renewed diseases
are closely related to the caves’ location and their sur-
rounding environment.
Diseases distribution and their causes
All the caves in this investigation are located in the bot-
tom grottoes. Compared to the upper caves, more severe
diseases occurred in the bottom. There is no doubt that
Table 1 The area of renewed diseases on murals repaired by different conservation materials























Disruption 7.57 51.43 6.79 33.85 2.02 29.88 16.38 39.4 3.98
Flaking 0.63 4.28 6.25 31.16 2.21 32.69 9.09 21.9 2.21
Detachment 3.95 26.83 0.07 0.35 2.53 37.43 6.55 15.8 1.59
Paint Loss 2.16 14.67 4.27 21.29 0.00 0.00 6.43 15.5 1.56
Net Cracks 0.07 0.48 2.13 10.62 0.00 0.00 2.20 5.3 0.53
Deep Loss 0.34 2.31 0.41 2.04 0.00 0.00 0.75 1.8 0.18
Punctate Loss 0.00 0.00 0.14 0.70 0.00 0.00 0.14 0.3 0.03
Total Area (m2) 14.72 20.06 6.76 41.54
Disease Area Proportion (%) 35.44 48.29 16.27
Survey Area Proportion (%) 3.58 4.88 1.64
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onment in the caves. The moisture in bottom rocks (in-
cluding groundwater, surface water and condensed
water) is greater than the upper. Moreover, water from
the Daquan River in front of Mogao Grottoes entered
the bottom caves in flood season [27], so seasonal
damp is the important reason for the diseases. In
addition, soluble salts play significant role. One survey
showed [28] that the salt content in bottom caves is
the highest, and it is gradually decreasing with the
height. The soluble salt ions mainly include Na+, K+,
Mg2+, Cl- and S04
2-, which do great harm to the murals
[29-31]. It is not only one of the reasons why almost all
murals near the ground are missing in the bottom
caves, but also the main cause of diseases appearing
again after repair.Figure 3 Proportion of the renewed diseases. (a) the proportion of the
renewed diseases in the survey areaDisruption
Disruption refers to the mural plaster being loose and
damaged as a result of the actions of soluble salts.
According to our survey, the proportion of disruption,
with an area of 16.37 m2 in total, is the highest in all the
diseases (reaching up to 39.4%) (Table 2). Almost all of
the investigated caves are threatened by disruption.
Therefore, disruption is one of the most severe diseases
at Mogao Grottoes which greatly affects the murals.
Previous research proved that mural damages result
from the subflorescence of soluble salts with water infil-
tration and migration. Water can move through the
plaster, and then evaporate from the surface. The
changes of relative humidity in the grottoes will make
soluble salts repeatedly dissolve and crystallize, while the
plaster repeatedly expand and shrink. Then the plasterrenewed diseases in the disease area; (b) the proportion of the
Table 2 The degrees of renewed diseases at Mogao Grottoes
Disruption Flaking Detachment Paint Loss
Degree Area (m2) Proportion (%) Area (m2) Proportion (%) Area (m2) Proportion (%) Area (m2) Proportion (%)
severe damage 12.3 75.09 5.40 59.40 5.07 77.40 3.98 61.90
moderate 3.11 18.99 1.84 20.24 1.15 17.56 1.90 29.55
slight damage 0.97 5.92 1.85 20.35 0.33 5.04 0.55 8.55
total 16.38 9.09 6.55 6.43
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is characterized by the crumbling of soil and paint
layer. Therefore, the formation of disruption is mainly
influenced by the following factors. First, soluble salts in
the mural plaster and rock are the basic material re-
sources to cause disruption. Second, the alterations of
temperature and humidity in the caves drive the water mi-
gration. Finally, the cycles of salt solvation – crystallization
with water directly lead to disruption.
Reinforcement and desalination have been used to fix
disruption at Mogao Grottoes. PVA has been mainly
used to repair the disrupted murals in the early time. In
recent years, gelatin solution has been more frequently
used as the reinforcement material. In desalination, a
series of materials and techniques were used to remove
the salts accumulated in the plaster layer [32]. It was
found that desalination played an important role to pre-
vent the diseases appearing again. The area of renewed
diseases on murals treated by desalination was 50% less
than the area of murals without desalination. In this inves-
tigation, it was found that disruption usually became more
severe in the regions where disruption had never been
repaired. The content of soluble salts in these regions was
still higher than elsewhere. It suggests that the renewed
disruption disease is closely related to soluble salts. How-
ever, it is difficult to completely remove the salts in the
murals, because soluble salts in the surrounding rock can
continuously migrate to the plaster layer.
The most severe disruption disease in one investigated
cave is on its west wall and the other two walls close to
the west wall, but disruption on its east wall is slight.
The major soluble salts causing the mural disruption in
Mogao Grottoes are Na2SO4 and NaCl from the plaster
layer and rock [33-36]. The analysis of soluble salts in
this cave shows that the plaster layer contains Cl-, Na+
and SO4
2-, which are mainly distributed in the west wall
and nearby. The salts analysis of the rock body also indi-
cates that the content of soluble salts in the west wall is
2 ~ 3 times higher than the east wall, because the salt
distribution is affected by the depth of the cliff [4]. The
renewed disruption on the west wall is severe. A large
amount of soluble salt crystallization can be seen on the
disruption with the help of microscope (Figure 4).
Based on the above analysis, it can be concluded that
the effective measures to control disruption should be asfollows. First, effective treatments should be taken to re-
move soluble salts in the plaster layer and rock body.
Second, efficient environment control should be applied
to maintain the caves in a relatively stable condition and
reduce the migration of water and soluble salts. In order
to avoid direct sunlight and sand erosion, the conserva-
tors controlled the environment by installing doors for
the caves about 50 years ago. Then, they used sensor de-
vices to monitor carbon dioxide levels. When the con-
tent of carbon dioxide exceeds the standard, they will
evacuate the caves and keep the caves close for several
days. Now, they gradually began to control temperature
and humidity. Finally, if the severe disruption has to be
repaired, the conservation materials with good water
vapor permeability should be used.
Flaking
Flaking refers to the cracks of grounding layer or the
paint layer and the resulting warped fragments. Flaking
is an early stage of peeling, exfoliation, delamination or
spalling, and can be seen as the detachment of small,
flat, thin pieces of the paint layer from the mural. Our
investigation results show that the area with flaking is
about 9.08 m2, accounting for 21.9% of the total disease
areas, 59.4% of which is severe.
There are two common reasons for flaking. One is the
deterioration of the original adhesion material in the
murals; the other is the reinforcement material used to
repair the murals.
Flaking due to the deterioration of the original adhe-
sion material can be recognized as the separation of the
grounding layer or the paint layer from the plaster or la-
mellar cracking. The reason is that the cohesive de-
creases with the deterioration of the adhesion material,
making the grounding layer or the paint layer separate
from the plaster. Especially the murals with dense plas-
ter layer and smooth surface are easy to crack and warp
when the adhesive material deteriorates because of the
obviously different properties between layers. Flaking
usually appeared in the region with thicker paint layer
and higher content of adhesive material [23]. Flaking
caused by this reason mostly belongs to mild or slight
disease. For instance, slight flaking due to thick paint
layer can be recognized on the center column in the
44th cave (Figure 5).
Figure 4 Disruption on the west wall. (a) picture of disruption, (b) microscopic picture of disruption in 1000 ×.
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different. The grounding layer or paint layer is warped
in a sheet-like form with relatively thick encrustation.
This flaking, with a wide range and large amount, is se-
vere once it appears. The main reason is that the
reinforcement material can form a thick layer of encrust-
ation, which is different from the plaster layer in the way
they react to humidity and temperature changes. The
contraction and expansion deformation between layers
leads to the crack and warp of the reinforcement layer.
To verify this, a few model samples of Dunhuang mural
were prepared in the lab. PVA, acrylic emulsion, silicone
acrylic emulsion, and paraloid B72 were used as the
reinforcement materials to consolidate the samples
which were tested under dry-wet cycles. Obvious flaking
was observed on the samples after a few cycles, which
was quite similar to the disease in Mogao Grottoes. The
experimental results indicated that the degree of flaking
was obviously related to the concentrations of the
reinforcement materials, and their types as well. Under
the same concentration, the degree of flaking varied
among different conservation materials: samples
reinforced by PVA, acrylic, silicone acrylic were more re-
sistant to the dry-wet cycles, while samples protected by
paraloid B72 were more likely to flake (Figure 6). The
practice of repairing murals by Dunhuang Academy alsoFigure 5 Pictures of flaking. (a) flaking on the center column in the 44thshowed that PVA was quite effective in the repair of
flaking.
The renewed flaking after repair mostly occurred in
the caves in which gelatin solution or the hybrid emul-
sion was used. The appropriate conservation material
should not be easy to form a crust layer and its concen-
tration is also important. In this respect, PVA with low
concentration shows relatively good effect in repairing
flaking.
Detachment
Detachment is the phenomenon that part of plaster layer
is separated from the rock substrate, but the peripheral
of the part is still connected with the substrate. Detach-
ment was found in the area under 2 m above the ground
of many caves, covering the area of 6.55 m2, about 1.6%
of the total disease area (Table 2). Most of them are se-
vere, and the murals might fall at any time.
There are mainly four reasons which can cause de-
tachment. First, the imperfection in the production of
murals may lead to the separation of plaster from the
rock. Second, salt crystallization can cause the plaster
layer being loose and tender, then separate from the
rock. Third, the intensive and frequent changes of
temperature and humidity may reduce the adhesion
strength between plaster and rock. Finally, the impropercave. (b) flaking after using gelatin solution to repair.
Figure 6 Pictures of model samples using different reinforcement materials under dry-wet cycles. (a) sample repaired with 1% PVA. (b)
sample repaired with 5% B72. (c) sample repaired with 5% acrylic emulsion.
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damage of murals.
Salt crystallization is one of the most important reasons
that cause detachment. The porosity and capillary water
migration in the plaster layer and rock are not exactly the
same. Soluble salts can migrate between the plaster layer
and the support, and they are likely to accumulate near
the interface. Continuous solvation-crystallization process
makes the plaster layer, especially the interface region be-
tween the plaster and the support friable, which damages
the adhesion between them and thus causes detachment.
Salt crystallization always occurs in the wider regions,
resulting in a large area of detachment, with the murals
hanging on the wall like a curtain, easy to fall once the ad-
hesion is lost. Besides, when repairing the detachments,
adhesion materials are always used for grouting the crev-
ice between the plaster and the rock. Although the
grouting materials can strengthen the murals, they have
drawback -- changing the migration of the capillary water.
This drawback becomes more severe when the grouting
materials’ water vapor permeability is not good. It will re-
sult in an obvious obstacle interface and will accelerate
the accumulation of soluble salts, finally leading to new
detachment or disruption. After numerous trials, a
systematic desalination method has been proposed by
conservators in Dunhuang Academy [37]. At present, de-
salination can be conducted simultaneously with grouting,Figure 7 Pictures of detachment. (a) detachment on the bottom of wes
of detachment.which has been proved to be highly effective in the repair
of detachment [38].
In the 1980s, cement and lime were used to repair the
detachment and paint loss of murals. In this survey it is
found that detachment was very easy to appear in the
place where cement and lime were used. For example,
cement was used to repair the plaster loss on the bottom
of west wall in the 29th cave and had certain protective
effect since then. But severe detachment appeared in the
protected area (Figure 7a). According to the picture of
infrared thermography (Figure 7b), detachment not only
appeared in the part repaired by cement, but also in the
position joint with the repaired part. The physical prop-
erties of cement and lime are quite different the plaster
layer. Each material reacts differently to aging,
temperature and humidity change. The differences in
the properties can block the movement of water and
salts, resulting in the detachment finally. The harm of
using cement and lime to repair murals has gradually
been recognized and they are avoided in the conserva-
tion now.
The investigation showed that the movement of water
and salt is the main cause of detachment, and improper
grouting and conservation materials also can lead to the
generation and development of detachment. Therefore,
environment control, using more appropriate conserva-
tion materials and techniques and replacing thoset wall in the 29th cave, (b) the infrared thermography picture
Figure 8 The paint loss on the north wall of the 29th cave.
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sures for the treatment of detachment.
Paint loss
The paint loss refers to the falling paint layer from plas-
ter or grounding layer [39]. According to this investiga-
tion, the paint loss reached up a total area of 6.43 m2,
accounting for 15.5% of the total diseases, most of which
were severe.
Paint loss can be caused by the deterioration of the ad-
hesion materials and other diseases. When the adhesion
materials deteriorate, the pigments can’t stick to each
other or the plaster layer, then the paint layer drop grad-
ually, especially on the murals with thinner pigment
layer or less adhesion. In this investigation it is found
that paint loss caused by the deteriorated adhesion ma-
terial isn’t too much.
Most of paint loss usually occurred in the place where
there were severe disruptions. The severe paint loss is
characterized by large areas of paint layer dropping off
near the disruption areas. Large areas of paint layer were
missing because the severe disruption made the paint
layer lose adhesion to the plaster layer.
Flaking usually leads to crack, warp and finally drop of
the paint layer. Paint losses caused by flaking are com-
mon, and most of them are mild or slight. Sometimes,
the severe paint loss was caused by the joint influence of
disruption and flaking. Figure 8 shows that the severe
paint loss is around the area of disruption, and flaking is
obvious in the middle of that area. In general, flaking
and disruption can lead to severe paint loss eventually.
Once the paint layer falls, it’s difficult to restore. So the
best way to prevent the murals from paint loss is dealing
with disruption and flaking in time.
Conclusions
According to the on-site investigation of the renewed
diseases of the murals which were repaired in MogaoGrottoes, we found that disruption is the most common
renewed disease, followed by flaking, detachment, and
paint loss. The area of these four diseases is 38.43 m2,
reaching up to more than 90% in the total disease area.
Most of them are severely deteriorated and threaten the
preservation of the murals.
The movement of water and salts affected most of the
renewed diseases in the repaired caves. The migration
and accumulation of soluble salts can severely damage
the murals, and it is difficult to eradicate. Three types of
conservation materials have been used to repair the mu-
rals, including PVA, the hybrid emulsion of acrylic and
silicone acrylic, and gelatin solution, which played im-
portant roles in the conservation of murals. However, in
the region where water and salts move frequently, these
materials cannot prevent from the damage of disruption,
and the reinforcement ability of the conservation mate-
rials is far less than the destructive force of the
environment.
If the cave’s environmental conditions are basically the
same, the possibility of the renewed flaking is lower
when the murals were repaired with PVA, while the pos-
sibility of paint loss is lower when the murals were
repaired with hybrid emulsion of acrylic and silicone
acrylic. The hybrid emulsion also performs better to re-
pair disruption and detachment. However, it is still diffi-
cult to fully evaluate these conservation materials only
based on the current investigation, since the experimen-
tal results of scientific concern are not enough. Further
research on their deterioration mechanism is needed.
The conservation materials used in the early time,
such as cement and lime, are not appropriate and can
even damage the murals. The questions of how to re-
move these materials safely and thoroughly and what
kind of material can replace them are very important
and will be answered by further studies.
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